Introduction
The power conversion efficiencies (PCEs) of state-of-the-art solar cells based on organometal halide perovskite solar cells (PSCs) have already exceed 22%, [1] such progress is closely associated with improvement of their open-circuit voltage (V oc ). [2] To date, impressive device V oc values, exceeding 1.2 V, have been achieved for PSCs with an optical bandgap (E g ) of 1.6 eV. [3] However, the photovoltages demonstrated do not yet reach the radiative efficiency limit. [4] Further reducing nonradiative photovoltage loss, either in the bulk active layer or at interfaces within the cell are key strategies to breaking the current efficiency record. [5] Most of the high-efficiency, and therefore high V oc (>1 V), PSCs are fabricated with the conventional n-i-p structure, normally with planar or planar/mesoporous TiO 2 as an electron transport layer (ETL) deposited on a transparent electrode. [6] The loss of V oc has been discussed in terms of interfacial recombination induced by top hole transport layers (HTLs), [3] or by bottom ETL. [7] Inverted devices, i.e., p-i-n architectures, comprising poly(3,4-ethylene dioxythiophene):polystyrene sulfonate (PEDOT:PSS) as bottom HTLs are associated with greater losses in photovoltage and their V oc is usually more than 100 mV lower than the V oc achieved with n-i-p devices. [8] Despite these observed performance limitations, such devices are attractive due to their inherent compatibility with low temperature processing and reduced current-voltage (J-V) hysteresis, [9] which has been associated with low interfacial recombination rates. [10] In direct contradiction to this, significant V oc losses have been attributed to strong recombination at the PEDOT:PSS/perovskite interface, and are shown to be suppressed by surface modification of PEDOT:PSS. [11] Higher V oc values, i.e., >1 V, have been achieved in devices where PEDOT:PSS is replaced with polymeric HTLs, [12, 13] or p-type metal oxides, [14] resulting in PCEs approaching 20%. Similar effects of reducing interfacial recombination to boost V oc are also observed at perovskite/ETL interface. [15] [16] [17] As photogenerated charge carriers are shown to accumulate in the perovskite active layer as well as the contact layers under open-circuit conditions, [18, 19] nonradiative losses in the bulk perovskite, e.g., recombination via trap states, can also influence device photovoltage in parallel with interfacial losses. For example, passivation of defects in bulk perovskites has resulted in further enhancement of the PCE of inverted architecture cells, where PCEs > 21% and V oc > 1.1 V are achieved. [20] Spectroscopic studies have revealed that charge carrier trapping processes are significant in solution-processed perovskite thin films, [21] [22] [23] with these trap states thought to have shallow tail of energies. [24] A continuum of energy levels has been observed with such traps state mediating nonradiative recombination, indicating their possible nature as shallow trap states. [25] Although a general relationship between a reduction in the concentration of shallow trap states and an improvement in device PCEs has been suggested, [26] [27] [28] the interplay between bulk perovskite properties, carrier trapping, and photovoltage losses in perovskite solar cells remains unclear. In particular an in situ investigation of such solar cells under operational conditions is required to understand how these shallow traps limit the attainable V oc in perovskite solar cells.
Previous studies have shown the V oc to be affected by active layer morphology and composition [23, 29, 30] and charge transport layers. [16] Here, we aim to probe the origin of V oc enhancements and examine the correlation between methylammonium lead triiodide (CH 3 NH 3 PbI 3 , MAPI) crystallinity, device V oc , active layer tail states, and charge carrier recombination dynamics using inverted architecture perovskite solar cells. We show that MAPI crystallinity can be tailored by tuning the ratio of precursors in solution, resulting in improvements in the crystallinity of our thin film MAPI layers that significantly reduce V oc losses. Combining differential charging (DC) and transient photovoltage (TPV) measurements of PSCs under operational conditions, we observe accumulation of photogenerated charge carriers with an exponential distribution versus voltage, we then estimate the corresponding recombination time constant of this charge. Up to an eightfold increase of tail state density is found to correlate with the V oc losses, these trap states appear to be shallow, and accelerate the recombination rate. Photoluminescence (PL) measurements of the films showed rapid relaxation of carriers and an increased fraction of nonradiative recombination in the presence of higher concentration of trap states.
Results
Our standard MAPI active layers were prepared from stoichiometric, i.e. 1:1, molar ratios of PbI 2 and CH 3 NH 3 I (methylammonium iodide, MAI). MAPI films with modulated crystallinity were prepared with solutions using excess (+2.5, +5, and +10 mol%) or deficient (−5 mol%) MAI. Note that whenever the terms "MAI excess" or "MAI deficient" are used in this paper, they refer to the relative stoichiometry of the precursor solution, not necessarily the stoichiometry of the resulting perovskite films that was not measured directly. The solution processing of MAPI followed the established "antisolvent dripping" using toluene, [31] illustrated schematically in Figure S1 (Supporting Information), with full details in the Experimental Section. In Figure 1a , typical X-ray diffraction (XRD) patterns for the stoichiometric and modified films are shown. All of these data show well-defined diffraction peaks that are assigned to the tetragonal MAPI crystalline phase (and indium-doped tin oxide (ITO) substrate). Figure 1b shows the calculated integrated peak areas of the (110), (112), and (211) diffraction peaks as a function of excess MAI content in the precursor solution. The (110) peak area increases significantly from MAI-deficient films to MAI-excess films, accompanied by a modest decrease of (112) and (211) peak area. Scanning electron microscopy (SEM) images, Figure 1c -g, show polycrystalline grains that provide continuous substrate coverage of the MAPI films prepared from all solutions. For films prepared over the range from −5% to +5% excess MAI, the SEM images show minimal variation in the thin film morphology, with lateral grain sizes in the region of 150-200 nm. A change of morphology in the MAPI film with 10% excess MAPI can be seen in Figure 1g , where grains are less defined in comparison with all other compositions studied, a feature we attribute to excess MAI accumulating in the grain boundaries and surface of the film. Over the range of −5% to 5% excess MAI, there is no evidence of secondary phase formation, e.g., PbI 2 or MAI in either the XRD or SEM images. [32] Thus, given the comparable morphologies and grain sizes observed -and the comparable film thicknesses, we conclude that the increased intensity of the MAPI {110} diffraction peaks as a distinct improvement in crystallinity with the emergence of a preferential orientation (texture) in the [110] direction. Therefore, in this preparation, the impact of adding excess MAI in the precursor solution is to promote the crystallization and oriented growth of the MAPI. In Table S1 (Supporting Information), we provide the peak positions of the diffraction peaks observed, no discernable change in position is seen with varying the MAI concentration. We would anticipate that if the MAI was uptaken into the perovskite lattice, the resultant defects would cause changes of lattice parameter, the magnitude of which would be within the detection limits of XRD. [33, 34] We observe a large increase of measured full width at half maximum (FWHM) in the 10% MAI excess film, suggesting a reduction of crystallite size, possibly due to the morphological disruption, shown by the SEM images. In the case where the MAI concentration is substoichiometric the improvements in crystallinity and the emergence of texture are not observed. This may be due to PbI 2 formation prior to MAPI conversion, i.e., after dripping the antisolvent. [31] In contrast, an excess of free methylammonium and iodide ions could accelerate their interaction with PbI 2 and facilitate full conversion of PbI 2 into MAPI, schematically shown in Figure S1 (Supporting Information). Figure 2a shows the current density-voltage (J-V) curves of the optimum devices from each processing condition. PEDOT:PSS was used as a hole transport layer, [6, 6] -phenyl-C 61 -butyric acid methyl ester (PCBM) as an electron transport layer with devices deposited onto ITO-coated glass electrodes and completed with a thermally evaporated LiF/Ag cathode. In Figure 2b , a schematic illustration of the device structures is shown. Photovoltaic parameters, based on 5 pixels, are summarized in Table 1 . For the reference device, i.e., 1:1 molar ratio of PbI 2 and MAI, typical V oc and PCE values of 0.89 V and 13.7%, respectively, are comparable with literature reports, [35] although in general, the performance of such devices is inferior to those prepared in the regular, i.e., noninverted architecture. [36] We observe that the device performances show a strong dependence on the crystallinity of MAPI layer and the best device, comprising highly crystalline MAPI prepared with 5% MAI excess, shows a PCE of 16.7% that is comparable with the best www.afm-journal.de www.advancedsciencenews.com efficiencies achieved with this structure in other studies. [37] It is apparent from these results that the improvements in V oc , ≈200 mV, dominate the variation in measured PCE. Importantly, the MAPI films prepared show negligible variation in their optical absorption onset (≈784-786 nm for all films), as confirmed by the absorption spectra in Figure 2b . Additionally, none of the cells (from −5% to 5% MAI) show significant J-V hysteresis under the measured conditions ( Figure S2 , Supporting Information). devices a reduction in V oc , J sc , and fill factor (FF) are observed in addition to the observation of J-V hysteresis, [38] Figure S3 (Supporting Information). This is likely to result from a significant increase in the fraction of recombination via the interfaces in this device, [10] a process necessary to observe hysteresis in these devices. Owing to this, we do not consider the 10% MAIexcess films in the following discussions.
To understand the relationship between gains in V oc and improved MAPI crystallinity, we employed transient optoelectronic measurements to investigate the impact of charge carrier energetics and carrier recombination kinetics on device performance. These techniques have been used to characterize dyesensitized solar cells, [39] organic solar cells, [40] and more recently employed to study V oc losses in perovskite solar cells. [18, 41] Herein, a DC method is used to estimate capacitance (C DC ) of operational solar cells, and thus the density of photo generated charge stored in the cell at equilibrium, Q(V oc ). [41] The method combines transient photocurrent measurements with TPV measurements, which are also used to probe charge carrier recombination lifetime (τ n ) at standard device operating conditions. Full details of these measurements can be found in the Experimental Section.
Briefly, a small, pulsed optical perturbation is applied to devices held at a range of V oc values, achieved by tuning the intensity of constant background illumination from ≈0.01 to 6 sun equivalent. A small amount of excess charge, ΔQ, is created in the devices as a result of the pulsed perturbation, we then probe the resulting voltage change (TPV) ΔV (<<V oc ) and calculate the differential capacitance as
where in this case, V corresponds to the steady state V oc (quasiFermi level splitting) resulting from a particular background light intensity. The excess charge ΔQ is separately measured with the device held at short circuit by integrating the transient photocurrent (TPC) generated by the same optical perturbation shown in Figure S4 (Supporting Information). The approach assumes that the internal quantum efficiency is close to unity and that the charge generation efficiency of the pulse at short circuit is equivalent to that at open circuit. Typically, ΔQ measured at lower light intensities is independent of light intensity, suggesting that recombination loss is negligible during charge extraction, shown in Figure S5 (Supporting Information), and thus can be a correct estimation of ΔQ at open circuit for these devices. This small-perturbation approach appears to give a measure of the capacitance of the electronic charge stored in the device rather than capacitance due to the redistribution of any slow-moving charge (such as that associated with ionic defects). [41] As illustrated in Figure 3a , C DC (V = 0), i.e., in the dark, of the measured devices are between 35 and 41 nF cm −2 . We refer to this capacitance, as determined with no bias light, as the electrode capacitance (C electrode ) where charge carriers are accumulated at the ITO and Ag contacts. In our previous studies, this electrode capacitance has been shown to be independent of the device V oc at very low light intensities (and thus low V oc ), [18] corresponding to the horizontal baseline representing C electrode drawn from ≈0-0.7 V in Figure 3a . At higher illumination intensities, C DC is observed to increase exponentially with V oc , and the exponentially increasing component dominates the overall capacitance for >0.2 sun equivalent. Previously, we assigned this exponential capacitance to the chemical capacitance of MAPI active layer, [18] although we note that it could also be related to the accumulation of charge in states at interface regions between the MAPI and charge transport layers. Fitting the capacitance distribution with an exponential, the total excess electronic charge, Q [C cm −2 ], stored in the device at open circuit can be estimated by integration of the capacitance with respect to voltage after subtracting C electrode .
Q is plotted as a function of V oc corresponding to a range of light intensities in Figure 3b . This exponentially increasing excess electronic charge can be fitted to
where k B is the Boltzmann constant, q is the unit charge, T is the absolute temperature, Q 0 and m are fitting constants describing the slope and magnitude of the distribution. The exponential relationship of Q versus V oc observed at higher light intensities, where m ≈ 3, suggests that at least one charge carrier species may be accumulating in trap states within the MAPI layer or its interfaces since values of m > 2 cannot easily be explained by free charge carriers obeying Boltzmann statistics -particularly in devices where internal variations in electrostatic potential are screened by mobile ionic charge. If this is the case, then the density and distribution of these tail states are parameterized by Q 0 and m, respectively, in Equation (3). The significant observation in Figure 3b is that there is a parallel upward shift in the Q versus V oc distribution correlated with reduced MAPI crystallinity, manifested in Equation (3) as an increase of Q 0 value (see Table S2 in the Supporting Information). Changes in the distribution of accumulated charge as a function of voltage have previously been observed, and were attributed to the change in the perovskite bandgap resulting from iodide/bromide exchange, [18] a temporary redistribution of mobile ionic charge in the perovskite layer, [41] or, in organic solar cells, a broadening of density of states. [42] [43] [44] As there is negligible change of bandgap, minimal hysteresis is in our devices under this measurement regime, and only a limited change is in the slope of the Q-V oc plot (m value), the almost parallel shift in the Q versus V oc relationship could be interpreted either as i) a change in the density of charge stored in subgap tail states or interface states for given quasi-Fermi level splitting (V oc ), and/or ii) a change in the relative charge carrier energetics, such that for a given amount of accumulated charge, there is a change in the quasi-Fermi level (V oc ) splitting. For example, in the case of i) when V oc = 0.9 V, the electronic charge in the MAPI layer (+5% excess MAI) will be ≈4.6 × 10 −9 C cm −3
, this increases for the same V oc to 1.4 × 10 −8 C cm −2 (+2.5% MAI), 2.1 × 10 −8 C cm −2 (+0% MAI), and 3.6 × 10 −8 C cm −2 (−5% MAI), i.e., a near eightfold increase in stored charge carriers is required to achieve the same V oc as a result of an increasing density of tail states. We note that much of this charge may be reinjected/retrapped into the valence/conduction bands from these shallow states multiple times before undergoing recombination. Q 0 describes the magnitude of this distribution of charge trapping states. With this tail density interpretation, there appears to be an eightfold increase of tail state density between +5% and −5% MAI cells. Alternatively, in case ii), for a fixed value of Q = 2.1 × 10 −8 C cm −2 , the device's V oc shifts from 0.99 V (+5% MAI), to 0.92 V (+2.5% MAI), 0.89 V (+0% MAI), and to 0.86 V (−5% MAI), which could correspond to the different energetic depths of the tail states where these charge carriers reside.
We consider the change in charge carrier lifetime induced by an increase in subgap tail state density, bearing in mind that charge generation flux is equal but opposite to recombination flux in a working solar cell at open circuit. A relaxation time constant, τ, can be derived from decays of TPV transients that is determined by the recombination rate of the photoexcited charge carriers. [45] We note herein that TPV lifetimes describe an overall rate of disappearance of photoexcited carriers through recombination in the whole device. These lifetimes, however, may be governed by multiple processes that dominate electrons meeting holes, such as reinjection of carriers from transport layers at lower light intensities. [46] Importantly, these transients all demonstrate monoexponential decays, Figure S6 (Supporting Information), reducing the potential complexity of interpreting decays with non-single exponential shapes. [47] The small-perturbation lifetime τ needs to be converted to the pseudo-first-order lifetime of total excess charge carriers τ n = δτ, by a reaction order of δ to estimate recombination flux. The details of this conversion and the comparison of TPV lifetime are discussed in ref. [45] . Both τ and τ n are plotted against V oc in Figure S7 (Supporting Information) with the corresponding values of δ. The dependence of τ n on Q, shown in Figure 3c , demonstrates an approximate power-law correlation for all devices. 
where τ n,0 , d, and Q 0 are fitting constants. We observe that, for fixed charge density, there is a modest increase (by up to a factor of ≈3) in the total carrier lifetime as the crystallinity of the devices increases, this suggests that less crystalline MAPI not only increases the density trap states, but also accelerates the rate charge carrier recombination via these traps. For example, at Q = 2.1 × 10 −8 C cm −2 , τ n for these devices are 1.03 µs (+5% MAI), 0.99 µs (+2.5% MAI), 0.73 µs (0%), and 0.63 µs (−5%). This decrease in lifetime results in minor (≈25%) decrease in the amount of accumulated charged in the device at 1 sun illumination. However, τ n versus Q correlations show minimal change between +2.5% and +5% MAI, indicating that the recombination lifetime is no longer increased by further improvement of crystallinity and may be limited by other processes. A question arising from examination of the measured lifetimes is that given recombination time constants on the order of 1 µs, which is long by solid state standards, why do we not observe V oc values approaching 1.2 V. [2] The V oc values we have observed despite comparatively long lifetimes are likely to be related to the capacitive role of the shallow traps that we suggest are present in the device. Although our evidence suggests that recombination via these trap states becomes nontrivial, particularly in the less crystalline examples, the total rate of recombination is still likely to be dominated by the interfaces. Thus, the exchange of charge between these trap states and the free conduction states can explain the comparatively slow recombination kinetics observed. As well as some direct contribution to recombination, the slow capacitive discharge from the traps (related to the idea highlighted by Kiermasch et al. [46] where the capacitive discharge is from the contacts) will also effectively slow the rate that charges reach interfaces of the device where the majority of recombination occurs.
The measured stabilized V oc is plotted against light intensity in Figure 3d , the enhancement in V oc with increasing MAPI crystallinity is evident. The measurements of excess charge accumulated in the device coupled with the measured photovoltage decay time constants (τ) can be used to reconstruct the measured V oc to check internal consistency between the measurements (Figure 3d ). If we have correctly estimated the amount excess charge accumulated in the working device (Q), and the measured photovoltage decay time constants (τ) are related to a recombination process, then we should be able to calculate device V oc using only these measured data and their corresponding fitting parameters. At open circuit, the recombination flux will equal the flux of generated charge, J rec = J gen . J rec is described with the measured charge density Q and the total recombination lifetime τ n for this quantity of charge.
J gen can be estimated by the short-circuit current density J sc at each light intensity, shown in Figure S8 The fitting parameters m, δ, τ n,0 , Q 0 are listed in Table S2 (Supporting Information), and the derived values of oc Rec V are consistent with the original measured values of V oc , shown in Figure S9 (Supporting Information).
Equation (6) also enables determination of the dependence of the V oc on light intensity. Considering that we observe an approximately linear dependence, at least at 0.1-3 sun equivalent, between the short-circuit photocurrent and light intensity ( Figure S6 , Supporting Information), and again assuming collection losses are small, we can use J sc as a proxy for the light intensity. By differentiating Equation (6) with respect to ln(J sc ), we arrive at an expression for the steady state cell ideality factor.
The ideality factor n id can thus be obtained by fitting the V oc versus light intensity relationship, labeled in Figure 3d , where it is apparent the values are close to unity for all devices. The ideality factor is also evaluated and plotted as a function of light intensity in Figure S10 (Supporting Information), confirming this observation up to ≈3 sun equivalent light intensity, the deviation at higher light intensities is likely to be primarily due to an increase in the cell temperature which was not corrected for. Assuming that the recombination processes observed in this study are primarily mediated by trap states, a value of n id ≈ 1 suggests that trap states either in the bulk or at the interfaces are energetically shallow relative to the conduction/valence bands, [48] it is also consistent with the strong interfacial recombination observed in devices with PEDOT:PSS contacts. [49] To explore further the nature of the electronic states within active layers, we characterized the charge carrier recombination in a reference MAPI film (1:1 ratio of MAI and PbI 2 ) film and the best-performing MAPI film (+5% MAI), with PL spectroscopy. Steady-state PL spectra of active layer films are plotted in Figure 4a , these show that the emission intensity is about 15 times greater in the +5% MAI film than in the reference. The substantial increase of PL intensity strongly suggests a reduction in nonradiative Shockley-Read-Hall recombination processes, and the density of trap states in the MAPI film is largely reduced. The recombination dynamics of the two films are shown by the time-resolved PL (TRPL) decays in Figure 4b , measured with time-correlated single-photon counting (TCSPC) and probed at peak position of PL emission spectra. The decays of both films are clearly biphasic, with a fast (nanosecond) initial decay followed by a slower (≈100 ns) decay. The biphasic features in PL decay dynamics have been intensively reported and studied for solution-processed perovskite films, [21, 22, 50, 51] where the fast phase is assigned to charge carriers trapping into the nonradiative trap states, and the slow phase assigned to subsequent recombination processes of the remaining carrier population. Here, decay dynamics for the reference, lower crystallinity film are faster compared to the +5% MAI excess film (biexponential decay times of 1.4 and 370 ns compared to 2.7 and 735 ns, respectively), these differences in carrier recombination lifetimes are roughly consistent with the relative difference in TPV transients for the devices. More importantly, at the lower crystallinity, reference MAPI films show a much larger amplitude of fast decay phase, suggesting that a larger fraction of the initial population of photogenerated charge carriers are trapped, consistent with the higher Q 0 derived from the data in Figure 3b . PL emission spectra of the MAPI films in contact with either the ETL and HTL are shown in Figure S11 (Supporting Information). The results show that the addition of a PCBM layer to the 1:1 film only quenches the PL by a factor of ≈4 compared to >40× for the 5% MAI excess film, indicating poor electron collection efficiency by the PCBM in the presence of the trap states. Conversely, holes are collected at the PEDOT:PSS contact with a relatively higher efficiently than the electrons in the 1:1 film ≈40×. Thus, it suggests that electrons are the species primarily affected by shallow trap states. [24] A nontrivial fraction of the recombination will also occur by re-emission of charge back into the active layer or interface states following collection at the contacts. [46] The PL quenching measurements also indicate an overall higher radiative yield from the quenched +5% MAI films relative to the quenched 1:1 films (≈1.5 times for MAPI/PCBM and ≈5 times for the MAPI/ PEDOT:PSS). This is consistent with observations in Figure 4 for the unquenched films, indicating an overall higher probability that carriers will recombine radiatively in the low trap density films regardless of whether they can be collected at a contact, showing that reduction in trap-mediated recombination also prevails in the heterojunction interfaces as a substantial process to reduce V oc loss.
Discussion
Trap-mediated recombination in solution-processed MAPI has been well studied, both with spectroscopy and microscopy. [51] [52] [53] [54] Here, we have provided an insight into how these nonradiative losses in bulk MAPI can limit device V oc . The observation of Q versus V oc relationships in Figure 3a implies that at least one type of charge carrier is stored in an exponential of subgap states in the active layer or its interfaces. Figure 5a schematically describes this difference in a flat-band energy diagram. The increase in the trap density in the less crystalline films also mediates recombination somewhat more rapidly at the expense of radiative pathways. Combined with our observation of device ideality close to unity, these electronic traps appear to be energetically shallow, which is consistent with the literature. [24, 51] Figure 5b schematically depicts the recombination of charge carriers via tail states, where photogenerated charge carriers are first trapped into the tail states, from which they may either detrap or nonradiatively recombine. We note that the variation in recombination time constant for a given photoinduced charge concentration might also be correlated with a change in the majority species carrier concentration in the MAPI. For some MAPI preparations, excess MAI, as well as improved crystallinity through annealing, has been shown to result in a reduction in the free electron concentration, making the material more intrinsic, [55, 56] which we would expect to increase the free carrier lifetime. However, if this were the only effect induced by MAI, then we would not expect the PL efficiency to be as sensitive to MAI fraction as observed in Figure 4 .
Recently Kiermasch et al. have reminded the community that the release of capacitively accumulated free charges can prolong the time constants observed in TPV measurements. [46] Their study raises the possibility that the charge distribution we have observed in these devices is not accumulated within traps but simply corresponds to free charge within the active layer or contacts. We note that TPV time constants may also be prolonged by the same mechanism of capacitive storage and release of charge from trap states -an effect well documented for dye sensitized solar cells, [39] and also suggested to explain recombination rates in organic bulk heterojunction films without electrical contacts. [57] Although we cannot definitively rule out the possibility that the Q versus V oc distribution we have measured arise from a capacitive accumulation of free charges, the following factors make it an unlikely explanation for our observations. We observe Q versus V oc slopes of m ≈ 3 but a steady state ideality factor of n id = 1. In a perovskite device, if only free charges were present, we would expect m = n id when measured at steady state if no trapped charge is present. [48] A value of m > 2 cannot easily be explained by free charge carriers obeying Boltzmann statistics, particularly in devices where internal variations in electrostatic potential are screened by mobile ionic charge. Thus, the value of m ≈ 3, coupled with our PL observations, appears consistent with a shallow distribution of trap states. This work addresses nonradiative losses which are likely to originate in the bulk of the perovskite, the V oc (1.04 V) and PCE (16.6%) achieved with our best cells are lower than the best reported device performances using similar perovskite absorbers cf. V oc > 1.1 V, PCE ≈ 20%. This is mainly attributed to our use of PEDOT:PSS as the HTL, which is associated with significant interfacial recombination, [11, 49] compared with TiO 2 -based conventional cells or inverted cells employing alternative HTLs. [35, 36] We observed in Figure 3c that total charge carrier lifetime as a function of charge concentration is not significantly altered with a change in MAPI crystallinity from +2.5% to +5% MAI, which may imply that interfacial recombination, either at PEDOT:PSS/MAPI or MAPI/PCBM interfaces became the limiting factor of carrier lifetime and thus the recombination flux in the whole device. Further increases of V oc and PCE can be achieved by suppressing the interfacial recombination. [3, 58] Thus, we may theorize that reducing nonradiative losses in bulk perovskite and at interfaces are two parallel methods toward high V oc of perovskite solar cells.
We find an increased density of tail states and increased nonradiative recombination are associated with reduced crystallinity of MAPI. Trap states are likely to be localized at crystallite surfaces or interfaces due to a break of bulk crystallite symmetry, [53] but additionally, PL quenching is correlated with the presence of lattice defects, e.g., halide vacancies. [59, 60] The observed increase of X-ray diffraction intensity of MAPI films, seen in Figure 1a ,b should describe an extension of order in the MAPI, and/or filling of lattice vacancies, which is schematically shown in Figure 5c . In this study, improved MAPI crystallinity was achieved using the MAI-rich precursor solutions during processing, although we note that a MAI excess appears to increase trap densities using different fabrication protocols. [61] Mixed-cation lead mixed-halide perovskites have now surpassed conventional MAPI perovskites with reported PCE exceeding 20%, [6, 20] the optoelectronic properties and phase stability of these materials are also highly dependent on crystallinity. [50, 62] This is entirely consistent with our detailed studies that conclude that improving perovskite crystallinity is a crucial strategy to eliminating trap states.
Conclusions
We have identified decrease in MAPI crystallinity as an origin of V oc losses in perovskite solar cells. We show that MAPI crystallinity can be systematically tailored by tuning the stoichiometry of precursor mix in solution, where excess MAI, up to 5% in the precursor solution, strongly promotes the crystallization of MAPI without detrimental effects. Improved crystallinity of thin-film MAPI results in ≈200 mV increase in V oc and a PCE enhancement from 11.3% to 16 using PEDOT:PSS as a HTL. With in situ differential charging and transient photovoltage characterization, we show accumulation of photogenerated charge carriers in exponentially distributed subgap tail states. An increase of density of these shallow trap states, associated with reduced MAPI crystallinity, results in accelerated nonradiative recombination rate with a corresponding loss in V oc . Improving MAPI crystallinity is an essential step on the route to optimizing the performance of solution-processed active layers and devices, with our simple methodology highlighting the impact of facile modifications in processing that have a complex impact on device electronic structure and performance.
Experimental Section
Device Fabrication and Measurement: All devices were fabricated on ITO (Psiotec, UK) glass, a transparent conducting substrate. The substrates were sequentially cleaned in ultrasonic bath in acetone, isopropanol, and deionized water for 10 min, respectively, and were dried under argon flow. PEDOT:PSS was spin-coated onto the substrates as electron blocking layer at 3500 rpm for 45 s, and was annealed at 150 °C for 15 min. Prior to spin-coating, all ITO substrates were treated by oxygen plasma for 10 min.
The precursor solution of perovskite was prepared by codissolving 1.2 m lead iodide (PbI 2 , Aldrich) and MAI (Solaronix) in mixed solvent of gamma-butyrolactone and dimethyl sulfoxide (Aldrich, 7:3 by volume). The solution was stirred for 1 h at 60 °C, and was filtered before use. The perovskite active layer was formed via a toluenedripping method. The precursor solution was first spun at 500 rpm for 5 s and then at 2000 rpm for 20 s. 0.5 mL of toluene was instantly dripped onto the film right at the end of second stage of spinning, and followed by spinning at 4000 rpm for 20 s. The films were transferred onto a hot plate after spin-coating, and were dried at 100 °C for 10 min to crystalize the perovskite.
The ETLs were deposited on perovskite by spin-coating PCBM (18 mg mL −1 in chlorobenzene) at 1300 rpm for 60 s. Finally, the devices were completed by thermally evaporating 0.7 nm of LiF and 100 nm of Ag onto PCBM under 5 × 10 −6 mbar. Except for PEDOT: PSS deposition, all other solution processing was performed inside a nitrogen-filled glovebox.
Current density-voltage (J-V) characteristics were measured by applying external potential bias to the cell and recording the current with a Keithley 2400 source meter, with a scanning rate of 50 mV s −1 . The cells were illuminated by an AM1.5 xenon lamp solar simulator (Oriel Instruments). The intensity was adjusted to 1 sun by changing the working current, which was calibrated using a Si reference photodiode. All devices were stored in dark prior to measurement and were measured in a nitrogen-filled chamber.
Physical and Structural Characterization: XRD patterns of perovskite films were obtained with a X'Pert Powder diffractometer (PANalytical), Cu Kα source. The diffraction patterns were measured over the range 7°-40° 2θ. The perovskite films were measured with ITO/PEDOT: PSS/perovskite/PCBM structure. The samples were rotated during measurement. The top-view SEM images were obtained using a LEO Gemini 1525 field emission gun scanning electron microscopy. The working voltage of SEM was fixed at 5 kV. To prevent charging, all the films were coated with 10 nm Cr layer.
Photoluminescence Spectroscopy: For steady state PL (Laserglow Technologies), the sample films were sealed by slide glass with surlyn (Solaronix) and were illuminated with 635 nm monochromatic light (15 mW cm −2 ) and the PL intensity was measured from 700 to 850 nm. All samples were measured 1 day after preparation, the same time length between device preparation and measurement, and were kept under dark before measurement. The PL decay was measured by time-correlated single-photon counting with Horriba spectrofluorometer with 635 nm excitation. PL quenching efficiency is estimated by difference of emission intensity at peak position with and without contact layer. Ultravioletvisible (UV-vis) absorption spectra were obtained by measuring both the transmittance and reflectance spectra of the perovskite films, with step size of 1 nm and integrating time of 0.5 s.
Transient Optoelectronic Measurements: Differential charging, transient photocurrent (TPV) and transient photovoltage (TPV) were carried out. The background illumination was provided by 12 white light emitting diodes with adjustable power output. The intensity was first calibrated to the J sc of devices measured under AM1.5 solar simulator. Any changes in background illumination were followed by a delay time of 10 s before commencing TPC or TPV measurements. Small optical perturbation was provided by 532 nm pulsed neodymiumdoped yttrium aluminum garnet laser, of which the intensity was fixed during the whole measurement. The devices were in a nitrogen-filled testing chamber to minimize the exposure to oxygen and moisture.
Firstly, full light level calibration was carried out by measuring the device V oc s as well as J sc s under a range of illumination intensities (0.5-900% sun), and later the devices were able to be held at different V oc by tuning the light intensities. Secondly, TPC measurement was performed to determine the small amount of excess charge ΔQ. The device was held close to shortcircuit condition with a 50 Ω resistance and was connected with a Tekronix TDS3032 oscilloscope. The resulting photocurrent transient by laser perturbation was integrated with respect to time to obtain an estimation of ΔQ. The average value of ΔQ was measured at low light (<25%), where the value of ΔQ exhibited minimal variation with background light intensity levels ( Figure S5 , Supporting Information). Thirdly, TPV measurement was done with device holding at open circuit by connecting a 1 MΩ impedance with the oscilloscope. The small photovoltage transient due to the same laser perturbation with TPC, shown in Figure S6 (Supporting Information), was fitted with a monoexponential decay to obtain the small perturbation carrier lifetime τ Δn . TPV measurements were carried out between 0.5% sun and 600% of 1 sun equivalent.
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